Abstract
Introduction
Granulation is a process aiming at enlarging powder particles, which can be advantageous 24 for many reasons. The size enlargement results in gravity forces exceeding the van der Waals 25 forces, thereby contributing to better flow properties required for improved processability 26 and accurate dosing in further downstream processing. Especially in the pharmaceutical 27 industry, where often highly potent drugs are processed, the amount of dust generated by 28 powder handling is reduced by granulation, resulting in improved safety. Also, segregation 29 (demixing) can be minimized along with the improved downstream processing characteristics 30 of the granules. Therefore, wet granulation is an important process for the particle enlarge- 
33
The high shear twin-screw granulation system has received most attention in the last decades Normally in batch HSWG the granulation time is in the order of minutes, while, in a 45 TSG, it is limited to a few seconds (Kumar et al., 2014) . The short granulation time is, 46 although desirable from the productivity point of view, challenging for micro to meso scale rate processes in HSWG (Fig. 1) . The rate processes of wet granulation are required to 48 occur during the short granulation time before the material leaves the TSG. Thus, besides 49 a homogeneous distribution of granulation liquid and powder, the wet mixing in a TSG is the screw chamber using a peristaltic pump (Watson Marlow, Comwall, UK) using silicon tubings connected to 1.6 mm nozzles. The granulation liquid was added before the first 106 kneading disc by dripping through two liquid feed ports, each port located just above each 107 screw in the barrel. The wetted, but not yet mixed powder was forced to follow a granula-108 tion track composed of the two co-rotating screws with a number of transport and mixing 109 modules based on screw configuration. As the wet powder progresses along the length of 110 the granulator, the distribution of particle characteristics changes. 
Experimental design and sample preparation

112
A full factorial experimental design was performed to evaluate the influence of number 113 of kneading discs (2, 4, 6, 12) , screw speed (500-900 rpm), throughput (10-25 kg/h) and 114 L/S (4.58-6.72% (w/w) based on wet mass) ( Table 1) . Three center point experiments 115 were performed as well, resulting in 32 + 3 = 35 experiments. For each run, samples 116 were collected from different locations inside the barrel by opening the barrel after stopping 117 the process running at steady state (Fig. 2) . Sample location 1 was just prior to the first 118 kneading block, sample location 2 on the first kneading block, sample location 3 was between 119 the first and second kneading block, sample locations 4 and 5 were on and right after the 120 second kneading block. Irrespective of the number of kneading blocks, sample locations on 121 the screw were kept constant during sampling. Sample location 6 was the regular outlet 122 of the granulator and, hence, a large amount of granules was available at that location.
123
The wet granules from all the experiments were dried at room temperature for 24 h and 124 their GSSD was classified in granules size fractions <150, between 150-1000 and >1000 125 µm (Table 1) . The particle size distribution of α-Lactose monohydrate used for this study 126 was 90% not more than 100 µm and 100% not more than 200 µm. Therefore <150micron was 127 defined as fine to prevent under-prediction of fines. Since several responses were measured,
128
it was helpful to fit a model simultaneously representing the variation of all responses to to show the change in the response when a factor vary from low to high level, keeping other 133 factors at their averages. The respective 95% confidence interval is shown for each plot.
134
Insignificant effects are those where the confidence interval includes zero. The effects in this 135 plot are ranked from the largest to the smallest.
136
[ The granule size distribution (GSD) of the granule samples, collected at the outlet of the 146 TSG (sample location 6 in Fig. 2 ) during each design experiment, was determined using the 147 sieve analysis method (Retsch VE 1000 sieve shaker (Haan, Germany)). Granule samples 148 (100 g) were placed on a shaker for 5 min at an amplitude of 2 mm using a series of sieves 149 (150, 250, 500, 710, 1000, 1400 and 2000 µm) . The amount of granules retained on each 150 sieve was determined. All granule batches were measured in triplicate. The fractions <150, 151 150-1000 and >1000 µm were defined as the amount of fines, fraction of interest for tableting 152 and oversized fraction, respectively. 
Dynamic image analysis for size and shape analysis of granules
154
The GSSD of the samples from sampling locations which were inside the TSG barrel 155 (Fig. 2) , were determined via dynamic image analysis (DIA) used in the EyeTech instrument 156 (Ankersmid B.V., Oosterhout, The Netherlands). A high speed camera (Fig. 3a) records the measurement. The camera was synchronized with a pulsing light emitting diode (LED) 159 and takes backlighted images. The captured images of flowing powders were used to calculate 160 GSSD.
161
The average Feret diameter was used as the size parameter that provides information 162 on a diameter that is measured every 5 degrees, resulting in an average of a total of 36 163 diameters for each granule (Fig. 3b, eq. 1 ). This size information also serves as a basis for 164 the calculation of shape related parameters such as the aspect ratio, which measures the 165 elongation of the granule and has been used in this study. It is a ratio of the smallest over 166 the largest diameter of the granule (eq. 2). The aspect ratio gives information about how 167 far the particles deviate from being spherical. Rod shaped particles have an aspect ratio 168 less than 0.5 while an aspect ratio close to 1 indicates higher sphericity of the granules. The link between mean Feret diameter and aspect ratio of the granules was determined 171 simultaneously by the WINDOX software using Sympatec Image Analysis (QICPIC) (with 172 the same measurement system as the Eyetech) by dispersing the granules under gravity 173 through the focus plane of a high speed camera.
174
The screw arrangement at sample locations 2 and 4 was changed based on the experi-175 mental design, which lead to a deviation in granule characteristics at these locations purely 176 due to the local and experimental run specific conditions. Therefore, they have not been 177 used in the remainder of this study and the samples from location 1, 3 and 5 in Fig. 2 were analysed for further study.
Results and discussion
This study examined the impact of four main factors of HSWG using TSG, which include 181 the screw speed, number of kneading discs, throughput and L/S during granulation on the 182 GSSD. The samples collected at the outlet of the TSG (sample location 6 in Fig. 2 the interaction between L/S and number of kneading discs was significant as the effect of 200 the change in L/S was observed to be different at a low or high number of kneading discs.
201
At a higher number of kneading discs, L/S variations caused more drastic changes in the 202 oversized fraction compared to similar L/S variations for a low number of kneading elements.
203
The measured torque of the granulator drive, which is related to the fill level and the shear and Litster, 2013). Also, the interaction between the number of kneading elements and 210 screw speed was significant with respect to the torque. The torque increase from 2 to 12 211 kneading elements was higher at a low screw speed compared to that at a high screw speed.
212
This could be explained by the higher filling degree of the barrel at low screw speed.
213
[ Figure 4 about here.] 
Influence of process variables on granule properties along the TSG length
215
The samples from location 1 (before the first kneading block), location 3 (after the first 216 kneading block) and location 5 (after the second kneading block in the screw configuration 217 with 2 kneading blocks) were used to characterise the change in the GSSD along the TSG 218 length (Fig. 2) . Firstly, it is important to point out that the granulation using only 2 219 kneading discs did not yield a sufficient degree of control over the process, and therefore the 220 results were inconsistent (data not shown). We believe that 2 kneading discs in the screw of kneading discs ( Fig. 7 and 9 ). This spherification of granules together with enlargement 254 now allows discussion of the effects of factors as well as their interactions on GSSD. 
Low liquid-to-solid ratio (4.58%) and high screw speed (900 rpm)
280
Despite good shear mixing at high screw speed, increasing the throughput did not support 281 an increase in the fraction of larger granules due to a low L/S (ID 1 and 3 plots in Fig. 8 ).
282
The increased throughput for the 12 kneading discs configuration showed a reduction in the 283 larger granules after the second kneading block (location 3 and 5 profiles when comparing 284 ID 1 and 3 plots for 12 kneading discs in Fig. 8 ). Besides the reduction in the granule size, 285 the increased throughput did not affect the shape of granules and the profiles for ID 1 and 286 3 plots in Fig. 9 corresponded to the same pattern for an equal number of kneading discs.
287
[ Figure 7 about here.]
288
High liquid-to-solid ratio (6.72%) and high screw speed (900 rpm)
With an increase in throughput at these conditions, granulation was more uniform which 290 led to a clear difference between the GSD profile from sample location 1, 3 and 5 when two 291 kneading blocks were used (comparing ID 2 and ID 4 plots in Fig. 8 ). However, the GSD 292 of location 3 was narrower than at location 5 in the ID 4 plot for 12 kneading discs. The 293 increased throughput only affected the shape of the granules from location 1, where the 294 granulation liquid was distributed to a larger amount of powder available at high throughput.
295
However, due to the high shear-induced mixing at high screw speed, despite the high filling 296 ratio the downstream material was well-mixed thus yielding a more uniform particle aspect 297 ratio distribution for ID 4 plots compared to ID 2 plots in Fig. 9 . However, for sample 298 locations 3 and 5 the aspect ratio profile corresponded to the same pattern for an equal 299 number of kneading discs.
300
The above suggests that increasing throughput is not beneficial without sufficient gran- 
Effect of liquid-to-solid ratio
315
Low throughput (10 kg/h) and low screw speed (500 rpm)
316
When the L/S was increased at low levels of throughput and screw speed, the degree of 317 aggregation increased (comparing ID 1 and 2 in Fig. 6 ). With an increase in the number 318 of kneading discs, the measured torque and shear mixing increased and the GSD shifted 319 towards higher granule sizes at sample locations 3 and 5 (ID 2 plot in Fig. 6 ). However, no 
330
High throughput (25 kg/h) and low screw speed (500 rpm)
331
When the granulation was performed at high throughput and a low screw speed, an 332 increase in L/S increased the degree of aggregation (comparing ID 3 and 4 plots in Fig. 6 ).
333
However, the most remarkable change was observed for the screw configuration with 12 334 kneading discs when the GSD profiles of the three sample locations were clearly segregated 
Low throughput (10 kg/h) and high screw speed (900 rpm)
With the increase in L/S at the low throughput and high screw speed, there was only a 343 minor increase in granule size for the screw configuration with 4 kneading discs (comparing 344 ID 1 and 2 plots in Fig. 8) . However, increasing the number of kneading discs increased 
High throughput (25 kg/h) and high screw speed (900 rpm)
355
At high throughput more material was available inside the TSG, but an increase in 3. An increase in the number of kneading discs also caused an increase in the number density 366 of high aspect ratio granules (comparing ID 3 and 4 plots in Fig. 9 ). Moving from a low to a 367 high number of kneading discs, for the location 1, 3 and 5 the aspect ratio distributions were 
Effect of combined change in throughput and liquid-to-solid ratio
384
Low screw speed (500 rpm)
385
When both throughput and the L/S were increased at low screw speed, there was less 386 difference between the GSD from sample locations 1 and 3 for a low number of kneading 387 discs due to the lack of mixing (comparing ID 1 and 4 plots in Fig. 6 ). However, a progressive However, the number density of small granules also increased with spatial progress indicating 394 that, beyond the consolidation, breakage was an important size reduction phenomenon and 395 competed with the aggregation process in the second kneading block of the TSG under these 396 conditions. Also, at a low number of kneading discs, the shape distribution of the sample 397 locations 1, 3 and 5 were similar (comparing ID 1 and ID 4 plots in Fig. 7) . For an increasing number of kneading discs, an increase in the aspect ratio of granules from location 3 and 5
399
caused the shape distribution of the locations 1 and 3 samples to be more distinct, while 400 the difference between locations 3 and 5 samples remained low.
401
High screw speed (900 rpm)
402
When the screw speed was increased, for 4 kneading discs the difference between the 403 downstream sample profiles from locations 3 and 5 was small (plot ID 4 in Fig. 8 was added between sampling location 3 and 5 in the screw, the powder with high moisture 409 content was distributively mixed and hence agglomerated furthermore (plot ID 4 in Fig. 8 ).
410
This led to GSD profiles, which were separated for all the three sample locations. Also,
411
unlike the observations at low screw speed (ID 4 plot for 12 kneading discs in Fig. 6 ), the 412 number density for the lower particle size did not increase with the spatial progress for high consequently an increased sphericity, while making squeezed-out liquid available to a further 445 granulate leading to the further shift of the GSD towards larger diameters.
446
However, when the feed rate was high and the L/S was low, an increase in the screw 447 speed resulted in an early aggregation of the particles with minimal number of kneading discs
448
(comparing ID 3 plots in Fig. 6 and 8 ). The addition of more kneading discs to the screw 449 caused a reduction in the amount of fines. However, for the configuration with 12 kneading 450 discs there was a reduction in the number density of larger particle sizes at successive sample 451 locations indicating breakage of larger granules induced by the second kneading block (ID 452 3 plot for 12 kneading discs in Fig. 8 ). This is likely due to availability of insufficient liquid 453 to make strong bridges between the particles in the granules, which was also reflected in the aspect ratio where no significant change in the shape distribution was observed due to lack 455 of additional particle growth processes (comparing ID 3 plots in Fig. 7 and 9 ).
456
The effect of an increase in screw speed at high levels of throughput and L/S was discussed 457 in section 3.2.3. The major contribution of increasing the screw speed at high throughput 458 and L/S was the reduction in granulator torque, without affecting the GSD. This is desirable 459 at manufacturing scale from a productivity point of view where operation at high throughput 460 is a prerequisite.
461
These comparisons suggest that along with the distributive mixing by the kneading discs,
462
the shear-induced mixing by increasing screw speed is another important factor in mixing. 
Conclusions
471
This study showed that a balanced mixing is important to change the granule charac- Figure 5: Mean, maximum and minimum aspect ratios vs. mean Feret diameter of the granules in the range of 50 to 1600 µm (log scale, x-axis) at location 1 (top subplot), location 3 (middle subplot) and location 5 (bottom subplot) in barrel for the runs performed at different throughputs (10, 25 kg/h), liquid-to-solid ratio (4.58, 6.72% (w/w)), screw speed (500, 900 rpm) and number of kneading discs (4, 12). 
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